We investigate the doping dependent low energy, low temperature (T = 5 K) properties of nodal quasiparticles in the d-wave superconductor Bi 2.1 Sr 1.9 CaCu 2 O 8+δ (Bi2212). By utilizing ultrahigh resolution laser-excited angle-resolved photoemission spectroscopy, we obtain precise band dispersions near E F , mean free paths and scattering rates (Γ) of quasiparticles. For optimally and overdoped, we obtain very sharp quasiparticle peaks of 8 meV and 6 meV full-width at halfmaximum, respectively, in accord with terahertz conductivity. For all doping levels, we find the energy-dependence of Γ ∼ |ω|, while Γ(ω = 0) shows a monotonic increase from overdoping to underdoping. The doping dependence suggests the role of electronic inhomogeneity on the nodal quasiparticle scattering at low temperature (5 K < ∼ 0.07T c ), pronounced in the underdoped region.
Extensive studies over the past two decades have indicated a d x 2 −y 2 symmetry of the superconducting gap in the Bi-based high-T c cuprates.
1,2 The d x 2 −y 2 -wave superconducting state is characterized by line nodes along the (±π/2, ±π/2) direction, and allow the existence of quasiparticles crossing the Fermi level even in the gapped superconducting ground state. Early in the literature, theoretical studies have discussed the behavior of nodal quasiparticles in terms of massless Fermions with a Dirac-cone dispersion.
3 By investigating such nodal quasiparticles which are responsible for the low energy excitations, one can acquire insight into the characteristic features of the scattering and interaction mechanisms remaining in the superconducting state. Experimentally, the properties of nodal quasiparticles in the superconducting state can be obtained from transport measurements, such as thermal
Hall conductivity 4 , microwave and terahertz conductivity. 5, 6 These studies in YBa 2 Cu 3 O 7 (Y123) had revealed a rapid increase of the quasiparticle lifetime on cooling across the superconducting transition, 4,5 and the mean-free-path obtained by the thermal Hall conductivity at the lowest temperature attains a value of ∼1 µm. 4 On the other hand, terahertz conductivity in Bi2212 shows a scattering rate with rather high values and a slower T -linear dependence below T c , compared to Y123. 6 Such differences have been discussed in terms of possible impurity effects, which may accompany phase fluctuations, charge and superfluid density inhomogeneity, etc.
Angle-resolved photoemission spectroscopy (ARPES) is a powerful method to investigate the momentum-resolved nodal quasiparticle properties, both, as a function of temperature and energy (ω). The energy position of the quasiparticle peak in ARPES represents the band dispersion, whereas the width indicates the scattering rate Γ. Recent studies have carefully probed the "kink" structure at around 60 meV in the quasiparticle dispersion, now commonly observed in hole-doped cuprates. 2, 7 The kink accompanies a rapid decrease of the scattering rate, and is discussed as the renormalization of a bosonic mode, derived from phonons or magnons. 8, 9, 10 There are important studies 2,12,13 that discuss the nature of the scattering mechanism of the electrons from the ω dependence of the scattering rate, e.g. is it a Fermi liquid ? ( with Γ ∝ ω 2 ), or a marginal Fermi liquid ? (with Γ ∝ |ω|) 11 .
Due to limitations of momentum-and energy-resolutions, however, the low temperature Bi2212 as a function of doping, by VUV laser-excited ARPES measurements. By using a low-energy (hν = 6.994 eV) and coherent light source, we can achieve high energy-and momentum-resolutions ( < ∼ 1 meV and 0.0014Å), as well as bulk sensitivity (∼ 100Å). From our measurements, we obtained very sharp quasiparticle peak of 6 meV full-width at half-maximum for an overdoped sample. The scattering rate obtained from the quasiparticle peak width shows a clear doping dependence, increasing monotonically from the overdoped to the underdoped region, reminiscent of the pseudogap phenomenon. It possibly arises from the electronic inhomogeneity effect, as is known from scanning tunneling microscopy (STM) measurements.
ARPES measurements were performed using a system constructed with a VG-Scienta R4000 electron analyzer and an ultra-violet (hν = 6.994 eV) laser for the incident light.
14 The temperature was precisely controlled down to 5 K using a flow-type He liquid refrigerator.
The pressure of the chamber was below ∼ 5 × 10 −11 Torr throughout all the measurements. 2 The 60 meV "kink" is easily identified as the knee in the band dispersion.
In addition, a rapid decrease of ∆k at lower binding energies is observed, which has been extensively discussed as a renormalization effect due to a bosonic mode. While these "kink"
properties are very similar to those reported previously by higher-energy ARPES results, the absolute value of the linewidth is obviously sharper here ; ∆k ∼ 0.01Å −1 . Similar results
were recently reported by ARPES experiments using a laser source 16 as well as low-energy synchrotron light, 17 demonstrating the effectiveness and impact of low-energy ARPES for high resolution measurements, not only in energy but also in momentum.
In Fig. 2(a-c) , the results of the ultrahigh energy-and momentum-resolution measure- for OP90K and OV73K (with small differences only at energies below 20 meV), they are significantly higher for the UN72K sample. In spite of these differences, an overall quasilinear ω dependence at low energies is observed for all the samples. Another important observation is that ∆k at E F is significantly doping dependent; ∆k(0) = 0.014Å −1 for UN72K, reduces to 0.0062Å −1 for OP90K, and reduces further to 0.0039Å −1 for OV73K. The corresponding
MDCs at E F and the fitted Lorenzian curves are shown in Fig. 3 
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Now we compare the EDC at k F among the different doping samples. The EDCs are shown in Fig. 3(a) . While the EDC from OV73K shows a clear and sharp peak with very little background, the EDC peak from UN72K apparently tends to become broader. To get rid of the Fermi-Dirac distribution effect at E F and estimate the FWHM of the peak from EDCs, we symmetrized them at E F and plotted them in Fig. 3(b) . The symmetrized EDCs can be well fitted with a single Lorenzian function, as shown by the broken curves in Fig. 3(b) . The FWHM obtained from the symmetrized EDCs are 12.5±0.6 (UN72K),
8.4±0.8 (OP90K) and 6.0±0.8 meV (OV73K), respectively, where the errors mainly arise from the determination of k F (see Table I Table I ). Thus, we succeeded in obtaining the coherent nodal quasiparticle component from ARPES and estimating its scattering rate Γ. Here, it is important to compare our results with that from previous transport measurements. The quasiparticle scattering rate obtained from terahertz conductivity using a nearly optimallydoped sample (T c = 85 K) 6 is 1/τ QP ∼ 3 THz ∼ 12 meV at the lowest temperature of measurement, 12 K. By assuming a simple linear extrapolation, the scattering rate should be 1/τ QP ∼ 2 THz ∼ 8 meV at around 5 K. This value is equivalent with our result from OP90K (8.1 -8.4 meV), indicating full consistency among two completely different probes.
While not yet reported, a similar doping dependence of 1/τ QP can also be expected in terahertz conductivity measurements on Bi2212.
The doping dependence of the FWHM Γ thus obtained is plotted in Fig. 4 , with that of T c . Γ shows a monotonic increase from overdoping to underdoping. Such tendency itself is very similar to that of the well-known pseudogap in (π,0) region, 20 11 Similarly, the electron-phonon scattering gives ImΣ ∝ max(ω 3 , T 3 ). In a d-wave superconducting state, they are completely modified reflecting the |ω|-linear DOS near E F . 28 The dissipation by electron-electron (or spin fluctuation) scattering is given by ImΣ ∝ max(ω 3 , T 3 ), and electron-phonon by ImΣ ∝ max(ω 4 , T 4 ). In the low energy and temperature limit (appropriate for the present measurements performed at T < ∼ 0.07T c with E res ∼ 1 meV), however, all the above scattering effects should become negligible. In fact, the ω dependence of the ImΣ ∝ ∆k shows quasilinear behavior, indicating that the above dissipation mechanisms are not dominant in this T, ω region. One of the remaining terms is the elastic impurity scattering mechanism, which can affect a d-wave superconducting state in a non-trivial way, unlike in a normal metal.
3,29 An in-plane impurity, for example, is known to strongly scatter the quasiparticles and create a localized state around the node appearing as an enhancement of ImΣ(ω) near E F . 29 In case of the out-of-plane impurity which likely provides a weak forward scattering potential, on the other hand, ImΣ of the quasiparticles can show a |ω|-linear dependence at ω → 0 with the value of ImΣ(ω = 0) depending on the scattering length of impurity potential and its concentration. 28 ∆k showing a ω dependence of convex upward structure at around E B = 10 meV in OP90K may be due to such an elastic scattering, as expected from calculations based on a BCS d-wave model. 28 Recently, the interplay among the apical oxygen dopant, the gap inhomogeneity and quasiparticle interference has been observed in STM measurements. 30, 31 The weakening of the screening effect due to the reduction of carrier density may make the system more susceptible to impurity scattering, typically emerging as granular (typical size of 3 nm) superconductivity in underdoped samples 25, 26 .
It is interesting that the mean free path of the nodal quasiparticle in UN72K is l mfp = 70Å, 
